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Abstract The effect of arginine vasopressin (AVP) on 
transepithelial Ca2+ transport in primary cultures of rabbit 
cortical collecting system cells was examined. Addition 
of AVP to the basolateral side of the monolayer dose-de- 
pendently (ECM) = 0.7 nM) increased active Ca2+ reab­
sorption from a basal value of 85 ± 2 nmoMr'-cnr2 to a 
maximum value of 124 ± 3 nniol-lr^cnr2. This was par­
alleled by a dose-dependent (ECi0 =1.1 nM) increase in 
cellular adenosine ¿'^'-cyclic monophosphate (cAMP) 
content. Both effects of AVP were mimicked by the V2 
agonist deamino-Cys,D-Arg8-vasopressin (dDAVP) and 
forskolin. Addition of either AVP or dDAVP to the baso­
lateral side evoked a sustained increase in cytosolic free 
Ca2+ concentration, which resulted from both Ca2* entry 
and release from internal stores. Only the effect on Ca2+ 
entry was mimicked by forskolin, demonstrating that 
cAMP acts by activating a Ca2* influx pathway. The pres­
ent findings demonstrate that AVP stimulates transeellu- 
lar Ca2'1* transport in the cortical collecting system 
through activation of basolateral V 2 receptors coupled to 
adenylyl cyclase to increase the cellular cAMP content.
Key words Connecting tubule • Cortical collecting 
duct ■ Arginine vasopressin - Ca2+ transport
Introduction
The neurohypophyseal hormone arginine vasopressin 
(AVP) is a key regulator of electrolyte and water trans­
port in the mammalian kidney. Main targets for AVP are 
the connecting tubule (CNT) and collecting duct, where 
it controls Na+ and water transport, leading to antidiure­
sis [9, 26, 29], AVP receptors are classified as V, or V 2 
receptors and the V, class of receptors is further subdi-
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vided into V la and V ih receptors [9], It is well estab­
lished that AVP controls Na+ and water reabsorption 
through the V2 receptor. The V2 receptor is coupled to 
adenylyl cyclase to stimulate the formation of adenosine 
3/,5/-cyclic monophosphate (cAMP). Besides V2 recep­
tors, V kl receptors are present in the collecting duct [I, 
10, 16, 21], At present, however, the physiological rele­
vance of this receptor subtype is largely unclear [9]. Vj 
receptors are coupled to phospholipase C through the in­
termediation of a guanine-nucleotide-binding regulatory 
protein (G protein) to stimulate the hydrolysis of plios- 
phatidylinositol 4,5-b.isphosphate, yielding the intracel­
lular messengers inositol 1,4,5-trisphosphate [lns(I,4, 
5)7^ 3], which releases Ca2+ from internal stores, and 1,2- 
diacylglycerol (DAG), which activates protein kinase C 
(PKC).
In rabbit, the CNT and cortical collecting duct (CCD) 
have also been implicated in active Ca2* reabsorption |2, 
3, 13, 31, 33, 35], which is in contrast to the situation in 
the rat, where the distal convoluted tubule is the main site 
of Ca2* transport [2], Active Ca2* reabsorption is under 
the control of both 1,25-dihydroxyvitamin D3 [1,25- 
(OIT)2D3l and parathyroid hormone (PTH). I,25-(OH)2D 3 
stimulates Ca2* reabsorption in a long-term fashion prob­
ably through increased expression of eaibindin-D28K [3, 
351. PTH also stimulates active Ca2* reabsorption but its 
effect is relatively fast and paralleled by a rapid increase 
in cellular cAMP concentration (3, 311. It is generally be­
lieved that cAMP functions as the intracellular messenger 
in PTH-stimulated Ca2*1* reabsorption [ 13, 331.
As for the CNT and collecting duct, it can be con­
cluded that cAMP not only plays a mediatory role in 
AVP-stimulated Na* and water reabsorption, but also in 
PTH-stimulated Ca2*1’ reabsorption. The intriguing ques­
tion that arises from this concept is whether the antidi­
uretic hormone AVP also stimulates active Ca2*1, reab- 
sorption* Therefore, we studied the effect of AVP on ac­
tive Ca2* reabsorption in primary cultures of rabbit corti­
cal collecting system cells. This culture, hereafter re­
ferred to as cortical collecting system, consisted of CNT 
and CCD cells. The cells were isolated by immunodis-
i IO
section and grown to confluence on permeable supports.
In previous studies we have demonstrated that this cul­
ture exhibits several functions of the original epithelium, 
including a net apicaf-to-basolateral Ca2+ and benzamil- 
sensitive Na+ transport [3, 6, 23]. The data presented 
demonstrate that AVP interacts with basolateral Vt re-
ceptois coupled to adenylyl cyclase to stimulate ttanscel- Measurement of the cytosolic free Ca2h concentration ([Ca2+]¡)
cal and/or basolateral compartment, as indicated in the text, and 
the monolayers were incubated in PSS/IBMX for a further 15 min. 
At 15 min, the filters were excised and rapidly transferred to Ep- 
pendorf micro tubes containing 50 pi of 0.2 M MCI to terminate 
the reaction. The cAMP content in the cell extracts was deter­
mined as described previously|3|.
lular Ca2+ transport in a cAMP-dependent manner.
Materials and methods
Materials
Collagenase A and hyaluronidase were obtained from Boehrin­
goi* (Mannheim, Germany). Deamino-Cys, D-ArgK-vasopressin 
(dDAVP) was purchased from Bachem Feinchemikalien (Bu- 
hendorf, Switzerland) and [-T-IjeAMP was from Du Pont (Bos­
ton, Mass., USA). Ben/a mi I was obtained from Research Bio­
chemical International (Natick, Mass., USA) and fura-2 acetoxy- 
mcthyl ester {fura-2/AM) and pluronic F I27 were from Molecu­
lar Probes (Eugene, Ore., USA). All other chemicals, including 
[ A rg141 v a s o p r e s sin ( AV P ) and fo r s ko I i n, we re o b t a i n e cl fro m Sig­
ma (St. Louis, Mo., USA).
Primary cultures of rabbit kidney CNT and CCD cells
Rabbit kidney CNT and CCD cells were immunodisseeted from 
young New Zealand white rabbits (± 0.5 kg) with the monoclonal 
antibody R2G9 and set in primary culture on permeable (0.4 pin 
pore size) supports (0.33 cm2, Costar, Cambridge, Mass., USA), as 
described previously [3]. The culture medium consisted of 
DME/F12 (1:1, v/v) (Gibco, Paisley, UK), supplemented with 5% 
(v/v) decomplemented fetal calf serum» 50 jig/ml gentamicin, 0.5% 
(v/v) of a lOOx mixture of nonessential amino acids (Gibeo), 
5 jxg/nil insulin, 5 jig/ml transferrin, 50 nM hydrocortisone, 
70 ng/nil prostaglandin E, (PGE,), 50 nM Na2Se03 and 5 pM tri­
iodothyronine, equilibrated with 5% C02-95% air at 37°C 
(pH 7.4). All experiments were performed with confluent monolay­
ers between 5 and 8 days following seeding of the cells. Conflu­
ence of the monolayers was routinely cheeked by determining 
transepithelial potential difference and resistance with two “ehop- 
,stick”-like electrodes connected to a Millicell-ERS meter (Milli- 
pore, Bedford, Mass., USA).
Determination of transepithelial Ca2+ transport
Confluent monolayers were washed three times and preincubated 
in a physiological salt solution (PSS) containing (mM) 140 NaCl; 
2 KCl; I KoMPO,,; I KH.PO,,; 1 MgCK; ! CaCU; 5 glucose; 5 L- 
alanine; 10 HEPES/Tris (pH 7.4) for \5 min at 37°C. Subsequent­
ly, the monolayers were incubated in PSS (100 jllI apical and 
600 jll 1 basolateral) for a furLher 90 min to measure transepithelial 
Ca2'- transport. Drugs and hormones were added to either the api­
cal and/or basolateral incubation medium, as indicated in the text. 
Al the end of the incubation period, 25-jli1 samples were removed 
in triplicate from the apical compartment and assayed for Ca2’1- us­
ing a colorimetric test kit (Boehringer). Under these experimental 
conditions, apical-to-basolateral Ca2+ flux was linear with time for 
at least 3 h [3]. Ca2+ reabsorption is expressed in nmoMrLenr2.
Determination of cAMP accumulation
In order to assess the effects of AVP and dDAVP on intracellular 
cAMP accumulation, con fluent monolayers were preincubated in 
PSS containing I mM 3-isobutyI-l-methylxanthine (IBMX) for 
15 min at 37°C. Drugs and hormones were added to either the npi-
Cortieal collecting system cells, grown to confluence on perme­
able (0.4 jLtni pore size) transparent supports (0.33 cm2, Costar), 
were loaded with fura-2 in DME/F12 medium containing 10 pM 
fura-2/AM, 0.01 % (w/v) pluronic F I27 and 4% (v/v) decomple­
mented fetal calf serum for 60 min at 37°C. Subsequently, the 
monolayer was washed twice with PSS and transferred to a tem­
perature-controlled (37°C) perfusion chamber placed on the stage 
of an inverted microscope (Nikon Diaphot, Tokyo, Japan). The 
apical and basolateral compartments were perfused separately 
with PSS by means of a gravity-controlled superfusion system. 
Apical and basolateral flow rates were set at I and 5 ml/min, re­
spectively. Fluorescence measurements were performed with a 
long-working-distanee objective (Fluor 60x; N.A. = 0.7; Nikon). 
Dynamic video imaging was carried out with the MagiCal hard­
ware and TARDIS software provided by Joyce Loehl (Tyne and 
Wear, UK), as described previously [21 j. The fluorescence emis­
sion ratio at 492 nm after excitation at 340 and 380 nm was moni­
tored. The interframe interval between the ratio frames was 6.4 s. 
Since absolute Ca2+ concentrations were difficult to obtain, due to 
technical problems with ionomycin calibration, fluorescence ratios 
are reported as a measure of [Ca2+]j [21]. The role of extracellular 
Ca2+ was studied using PSS from which CaCl2 was omitted and to 
which 0.5 mM EGTA was added.
Statistics
In all experiments the data are expressed as the mean ± SEM. 
Overall statistical significance was determined by analysis of vari-
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Fig* 1À,B Dose dependence of the stimulatory effects of arginine 
vasopressin (AVP) and deamino-Cys, D-ArgH-vasopressin (dl)AVP) 
on Ca2'1, transpoj’t and cAMP formation in con Huent monolayers of 
rabbit cortical collecting system cells. A Ca2+ transport across con­
fluent monolayers of rabbit cortical collecting system cells was 
measured in the presence of the indicated concentrations of either 
AVP (open circles) or dDAVP {closed circles) for 90 min at 37°C. 
At the end of the incubation period apical medium was collected to 
determine the amount of Ca2+ transported across the monolayer. The 
data presented are the mean ± SEM from 10 filters. B Confluent 
monolayers of rabbit cortical collecting system cells were preincu- 
baled in the presence of I mM 3-isobutyl-2-methylxanlhinc (IBMX) 
for 15 min at 37 aC and stimulated with the indicated concentrations 
of either AVP (open circles) or dDAVP (closed circles) for another 
5 min, The agonists were added to the basolateral compartment on­
ly. The data presented are the mean ± SEM from 3 filters
I l l
anee (ANOVA). In the case of significance (/J<0.05) individual 
groups were compared by contrast analysis according to Seheffe. 
P values of less than 0.05 were considered significant. Half-maxi­
mal stimulatory concentrations and maximal transport values were 
calculated by means of a nonlinear regression computer pro- 
gramme (Kaleidograph, Synergy Software, Reading, Pa., USA).
Results
Transepithelial Ca2+ transport across confluent 
monolayers of cortical collecting system cells
Cultured cells of the rabbit cortical collecting system, 
grown to confluence on permeable supports and incubat­
ed in the absence of any added stimulus, exhibited a net 
apical-to-basolateral Ca2+ flux of 85 ± 2 (n = 5 I filters) 
nmol'lrl'Cnr2. Fig. 1À shows that AVP, when added to 
the basolateral compartment, stimulated Ca2+ transport 
dose dependency (EC50 = 0.7 iiM) to a maximum of 
124 ± 3 nmoM'H-eirr2 (n ~ 10 filters) reached at 10 nM. 
By contrast, AVP did not significantly (P>0.8) affect Ca2+ 
transport when added to the apical side of the monolayer 
(77 ± 5 vs 77 ± 4 nm oH r^cn r2 in control and AVP-treat- 
ed monolayers, respectively; n = 3 filters). The stimulato­
ry effect of AVP on Ca2+ transport was paralleled by a 
dose-dependent (EC50 = 1.6 nM) increase in cAMP for­
mation reaching a maximum at 10 nM (Fig. IB). The V2 
agonist dDAVP mimicked the stimulatory effect of AVP 
on Ca2+ transport (EC50 = 0.5 nM, Fig. 1A) and cAMP 
formation (EC50 = 1.6 nM, Fig. IB). Similarly to AVP, 
dDAVP was active only when added to the basolateral 
compartment. The concept of cAMP being the mediator 
in the action of AVP was supported by the stimulatory ef­
fects of the direct activator of adenylyl cyclase forskolin 
19] (Fig. 2) and the membrane permeable cAMP ana­
logue dibutyryl cAMP (data not shown). At a coneenlra-
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Fig. 2 Effect of ben/.amil on basal and AVP- and forskolm-siimu- 
lated Ca2* iransport across confluent monolayers of rabbit cortical 
collecting system cells. Confluent monolayers of rabbit cortical 
collecting system cells, preincubated in the absence and presence 
of 10 \xM ben/ami I at the apical side for 15 min at 37°C\ were in­
cubated in the absence (control) or presence of either 10 nM AVP 
(basolateral) or 10 |.lM forskolin (FSK\ both sides) for another 
90 min. The data presented are the mean ± SBM from 4 filters. !)I 
Significantly different from the corresponding monolayers incu­
bated in the absence of hen/.atnil (P<0.05). $ Significantly differ­
ent from corresponding control (/,<().()5)
tion of 10 (AM, forskolin maximally stimulated Ca2* 
transport 1.56 ± 0.07 (// = 9 filters) times over the basal 
level. This value was not significantly different (Z^O.S) 
from that obtained with a maximally effective concentra­
tion of 10 nM AVP (1.51 ± 0.05 times over basal; // = 10 
filters). The possibility of stimulated Ca2+ transport being 
secondary to stimulated Na+ transport was tested using 
benzamil. At an apical concentration of 10 |uM, this epi­
thelial Na+ channel blocker [20] significantly (P<().05; 
n = 4 filters) increased control as well as AVP- and 
10 (iiM forskolin-stimulated Ca2* transport (Fig. 2).
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Kig. 3A-I Hflccts of AVP, dDAVP and forskolin on (Ca*u li in rah- 
bit conical collecting system cells grown to confluence on perme­
able supports. Rabbit cortical collecting system cells, grown (o 
confluence on transparent permeable .supports and loaded with the 
fluorescent ( V 1 indicator fura-2, were stimulated with either 
10 nM AVP (A~C), 10 nM dDAVP (1)~I0 or 30 |aM tors ko I in 
(FSK\ (¡-I). Following removal of the stimulus from die supeifu- 
sion medium the cells were stimulated wilh 0.1 mM ATP. Tlie 
stimuli were present in the basolateral supeiTusion medium for the 
indicated period of time. Both the apical and basolateral compart­
ment were super fused continuously and measurements were per­
formed at 37nC. The temporal dynamics of |Ca2l|j were analysed 
simultaneously in close to 20 individual cells by digital-imaging 
microscopy. The fluorescence emission ratio at 492 inn is moni­
tored as a measure of |Ca21\ after exeilalion at 340 and 3H0 nm. 
The recordings and II are from single cells, whereas
the recordings C,F and I show the average response of close to 20 
individual cells. The recordings shown are from a representative 
experiment
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Fig. 4A, B Effect of ATP on [Ca2^  in rabbit cortical collecting 
system cells grown to confluence on permeable supports. Rabbit 
cortical collecting system cells, grown to confluence on transparent 
permeable supports and loaded with the fluorescent Ca2,‘ indicator 
fura-2, were stimulated with 0.1 m M  ATP present in the basolateral 
superfusion medium for the indicated period of time. Digital-imag­
ing microscopy was performed as described in the caption of 
Fig. 3. Recording A is from a single cell, whereas recording B 
shows the average response of close to 20 individual cells. The re­
cordings shown are from a representative experiment
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Fig. 5A-C Effects of AVP, dDAVP and forskolin on [Ca2+li in 
rabbit cortical collecting system cells grown to confluence on per­
meable supports and incubated in the absence of extracellular 
Ca2l\ Rabbit cortical collecting system cells, grown to confluence 
on transparent permeable supports and loaded with the fluorescent 
Ca2+ indicator fura-2 , were superfused with nominally Ca2+-free 
medium, both apically and basolateral ly, for 2 min before stimula­
tion with either 10 nM AVP (A), 10 nM dDAVP (B) or 30 pM  for­
skolin (FSK; C). Digit a 1-imaging microscopy was performed as 
described in the caption of Fig. 3. Changing It) nominally Ca2+- 
free medium resulted in a rapid drop in |Ca2+|j (not shown). Fol­
lowing removal of the stimulus from the super fusion medium the 
cells were stimulated with 0.1 mM  ATP. The stimuli were present 
in the basolateral superfusion medium for the indicated period of 
time. Both the apical and basolateral compartment were super- 
fused with nominally Ca2+-free medium during die experiment. 
The recordings shown are from single cells in representative ex­
periments
Effects on [Ca2+ 
in individual cortical collecting system cells
Digital-imaging microscopy of fura-2-loaded rabbit cor­
tical collecting system cells, grown to confluence on 
transparent permeable supports, was used to study the ef­
fects of AVP, dDAVP and forskolin on the [Ca2+]j in indi­
vidual cells. Superfusion of the basolateral compartment
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Fig. 6A-I) Effect of forskolin on [Ca2^  in rabbit cortical col­
lecting system cells grown to confluence on permeable supports 
and incubated in the absence of extracellular Ca2+ in either the 
apical and/or basolateral compartment. Rabbit cortical collecting 
system cells, grown to confluence on transparent permeable sup­
ports and loaded with the fluorescent Ca2+ indicator fura-2, were 
superfused with nominally Ca2+-free medium, either apically 
and/or basolateraliy, for 2 min before stimulation with 30 pM for­
skolin (FSK). Digital imaging microscopy was performed as de­
scribed in the caption o f Fig. 3. Changing to nominally Ca2+-frce 
medium in either one or both compartments resulted in a rapid 
drop in [Ca2+]s (not shown). Forskolin was present in the basolat­
eral superfusion medium for the indicated period of time. The re­
cordings À-D  show the average response of close to 20 individu­
al cells stimulated with forskolin in the presence of Ca2+ (I mM) 
at both sides (A), the absence of Ca2+ at the apical side (B), the 
absence of Ca2-*' at the basolateral side (C) and the absence of 
Ca2t- at both sides (D). The recordings shown are from a represen­
tative experiment
with PSS containing l() nM AVP elicited a rapid increase 
in the fluorescence emission ratio, and therefore in
[Ca2+]i, in approximately 80 ± \% of the cells (Fig. 3). 
But, whereas in some cells the |Ca2*1 ]j rise was clearly 
transient (Fig. 3A), others displayed a sustained increase 
in lCa2l ]j (Fig, 3B). Averaging of the individual respons­
es revealed that the latter response pattern was predomi­
nant (Fig, 3C). By contrast, ATP, demonstrated previous­
ly to stimulate the release of Ca2+ from internal stores 
231, evoked a transient increase in [Ca2'h|j in each one of 
the responding cells (Fig. 4). The action of AVP on 
[Ca~KJi was completely mimicked by dDAVP (Figures 
3D-F) and forskolin (Figures 3G-I). Surprisingly, in 
those cells in which either AVP, dDAVP or forskolin in­
duced a sustained rise in [’Ca2+]j, removal of the stimu­
lant from the superfusion medium did not lead to the im­
mediate return of [Ca2+|j to prestimulatory levels. Omis­
sion of Ca2+ from the apical and/or basolateral superfu­
sion medium resulted in a virtually immediate decrease 
in fCa2+]j (data not shown), indicating the rapid estab­
lishment of a new and lower resting [Ca2H . In the com-
plete absence of external Ca2* both AVP (Fig. 5A) and 
dDAVP (Fig. 5B) evoked a transient rise in [Ca2*^ in 
each of the responding cells. Conversely, forskolin did 
not increase [Ca2*]j in the absence of external Ca2* 
(Fig. 5C). This lack of effect of forskolin was not due to 
simple depletion of the internal stores since subsequent 
addition of ATP readily increased [Ca2*]j. The stimulato­
ry effect of forskolin on [Ca2+]i was restored in the pres­
ence of Ca2* in either the apical (Fig. 613) or basolateral 
(Fig. 6C) compartment. Iso-osmotic replacement of Na* 
for N-methylglucamine/HCl (NMG) in the apical super­
fusion medium did not interfere with the stimulatory ef­
fect of forskolin on [Ca2*]; (data not shown). Similarly, 
inclusion of benzamil (10 pM) in the apical superfusion 
medium did not affect the forskolin-induced increase in 
[Ca2+']j (data not shown). Essentially the same results 
were obtained when the above two experiments were 
performed in the absence of any Ca2’1" in the apical super­
fusion medium (data not shown).
Discussion
The findings of the present study are consistent with the 
idea that in primary cultures of rabbit cortical collecting 
system cells the antidiuretic hormone vasopressin inter­
acts with basolateral V2 receptors to stimulate transepi- 
thelial Ca2* transport in a cAMP-dependent fashion and 
that this stimulatory action is paralleled by both a 
cAMP-dependent influx of Ca2* across the plasma mem-
I, umcn H ilN u litU 'l i l l
Fig. 7 Schematic model for die hormonal regulation o f transcellu- 
lar C a ’+ transport in the rabbit cortical collecting system cell. For 
explanation see text. W2 receptors couple to G proteins (G ) Lo in­
crease the formation of cAMP catalysed by adenylylcyclase {AO. 
eAMP activates protein kinase A (PKA), which, in turn, activates 
hitherto undefined apical and basolateral Ca2+ entry pathways. V2 
receptors may also couple to G proteins to increase the phospholi- 
pase-C- (PLC-) catalysed hydrolysis o f phosphalidy I inositol 4,5- 
bisphosphate (PIP2) to yield the intracellular messenger inosilo 
1,4,5-lrisphosphaLe (//J f), which releases Ca-1 from the endoplas­
mic reticulum (/:/?). The intracellular calcium binding protein, eal- 
bindin-D2SK (CaBP) facilitates transcellular C a-1 transport
lirane and a c AMP-independent release of Ca-* from in­
ternal stores. A current model on the mechanism of ac­
tion of AVP is depicted in Fig. 7. The data presented 
demonstrate that AVP, in addition to PTH [3], is involved 
in the short-term stimulatory control of transepithclial 
Ca2* transport in these primary cultures. Together with 
the recent finding [23] that ATP, acting through P2u- 
purinoeeptors, rapidly inhibits transepithclial Ca2* trans­
port, this suggests that in this model system Ca2* trans­
port is under multiple short-term hormonal control. 
Moreover, evidence has been provided that L25-
(OH)2D3 is involved in long-term stimulatory control of 
Ca2* transport [3, 35],
The stimulatory effect of AVP on Ca-* transport was 
mimicked by forskolin and dibutyryl cAMP, suggesting 
that elevation of cellular cAMP in itself can fully explain 
the stimulatory effect of AVP on Ca2* reabsorption. Thus 
far, it is unclear by which mechanism intracellular cAMP 
stimulates Ca2* transport. However, from the data ob­
tained with the Na* entry blocker benzamil it can be con­
cluded that increased Ca2* transport is not secondary to 
increased Na* entry. On the contrary, the slightly stimu­
latory effect of benzamil on basal Ca2* transport suggests 
that Na* entry rather exerts a negative feedback on Ca2* 
transport. Similar stimulatory effects of amiloride ana­
logues on active Ca2* reabsorption have been reported in 
literature [12]. One explanation for this finding might be 
that the activity of the basolateral Na*-Ca2* exchanger, 
which plays an important role in transepithclial Ca2* 
transport [4], is already inhibited at basal intracellular 
Na* levels. Another possibility is that Ca2* transport is 
negatively influenced by the transepithclial potential dif­
ference.
Using a long-working-distancc objective we were, for
the first time, able to examine the changes in [Ca2rjj in 
individual cortical collecting system cells grown to con­
fluence on permeable supports under the condition that 
both the apical and basolateral compartment were super­
fused independently. In doing so, it was demonstrated 
that cAMP stimulates the influx of Ca2* from both the 
apical and basolateral compartment in approximately 
80% of the cultured cells, the identity of which is dis­
cussed below. But, whereas a stimulatory effect on apical 
Ca2* influx is in agreement with a stimulatory effect on 
transcellular Ca2* transport, this is evidently not the case 
for a stimulatory effect on basolateral Ca2* entry. The 
physiological relevance of enhanced basolateral Ca2* in­
flux is presently unknown. However, it has been specu­
lated that it might play a regulatory role in the various 
transport activities performed by these cells |4, 7|. In­
creases in [Ca2*|p mediated by eAMP and depending on 
the presence of external Ca2*, have also been reported to 
occur in rabbit CNT [7] and CCD |8| and in rat CCD 
[15, 32]. Neither removal of apical Na* nor inclusion of 
benzamil in the apical superfusion medium, both condi­
tions under which the cAMP-medialed influx of apical 
Na* is prevented, affected the stimulatory effect of 
cAMP on basolateral Ca2* influx. This excludes the pos­
sibility that stimulated basolateral Ca2* influx is second-
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ary to stimulated Na* entry; the latter then thought to 
cause the basolateral Na*-Ca2* exchanger to operate in 
the reversed mode (see Fig. 7), These findings are in 
agreement with those reported by Siga et al. [32]. In con­
trast, however, Breyer [8] reported that apical withdrawal 
of Nil* completely inhibited the cAMP-induced increase 
in [Ca2*]  ^Thus far, the reason for this discrepancy is un­
clear.
An interesting finding of the present study is the pre­
dominantly sustained nature of the AVP-, dDAVP- and 
forskolin-induced rise in [Ca2+]j. In contrast, ATP, dem­
onstrated previously to stimulate the release of Ca2+ from 
internal stores [23], evoked an exclusively transient rise 
in [Ca2*]-,. The data presented demonstrate that the sus­
tained phase of the AVP-, dDAVP- and forskolin-induced 
rise in [Ca2+]j depends entirely on cAMP-stimulated in­
flux of external Ca2*. Intriguingly, [Ca2*]j did not return 
to prestimulatory levels following removal of AVP, 
dDAVP or forskolin from the superfusion medium. This 
observation demonstrates that cAMP acts by activating 
the Ca2* influx mechanism in an, at least temporary, irre­
versible manner. It is tempting to speculate that such ac­
tivation might involve stimulated fusion of vesicles con­
taining membrane-bounci Ca2* influx channels with the 
plasma membrane. A similar mechanism has been pro­
posed for the stimulatory effects of AVP on transepithe- 
lial Na* and water transport [9, 17, 25, 30].
Surprisingly, dDAVP transiently increased 
when added in the complete absence of external Ca2*. 
This effect was independent of cAMP, since it was not 
mimicked by forskolin. Interestingly, cAMP-indepen- 
dent effects of dDAVP on [Ca2*]j have also been report­
ed for microdissected rat outer and inner medullary col­
lecting tubules [11, 14, 241. Similarly, AVP evoked a 
transient increase in [Ca2*^ in the complete absence of 
external Ca2+. But, whereas the effect of AVP can be ex­
plained by its interaction with a basolateral V| type of 
receptor, the presence of which has been postulated by 
Ikeda et al. [18], thereby stimulating the hydrolysis of 
phosphatidyl inositol 4,5-bisphosphate to produce 
Ins( 1,4,5)P3, which subsequently releases Ca2* from in­
ternal stores, this is, at first sight, not likely to be the 
case with the selective V 2 receptor agonist dDAVP. 
However, there is increasing evidence in the literature 
that a single receptor can couple to more than one effec­
tor system |28|, Therefore, rather than postulating an­
other receptor subtype we would like to propose that in 
cortical collecting system cells the V2 receptor can also 
couple to phospholipase C and thus stimulate the release 
of Ca2* from internal stores through the intermediation 
of Ins(l,4,5)P3 (see Fig. 7). A similar dual coupling 
mechanism has been postulated for the V2 receptor in 
the rat medullary collecting duct [11, 14, 24]. Further­
more, Zhu et al. [36] have demonstrated that, when 
overexpressed in vitro, the human V2 receptor has the 
capacity to couple to both adenyl cyclase and phospho- 
inositide-specific PLC. In addition to Ins( 1,4,5)/^, 
DAG, the endogenous activator of PKC, is formed. In 
recent studies we provided evidence that PKC exerts a
negative feedback on Ca2* transport [5, 23]. The conclu­
sion to be drawn is that, in terms of Ca2* transport, AVP 
generates both a cAMP-mediated stimulatory signal and 
a DAG-mediated inhibitory signal.
The primary cell culture used in this and previous 
studies is derived from rabbit cortical collecting system 
and consists of at least three cell types designated CNT, 
principal and intercalated cells. Taylor et al. [34], using 
sections of rabbit kidney, have demonstrated that most 
cells of CNT and initial portion of the CCD contain cal- 
bindin-Dm , which is generally accepted to be indicative 
of the occurrence of transcellular Ca2* transport. Similar­
ly, we have demonstrated that the majority («80%) of the 
cultured cells is calbindin-D28k positive, whereas the re­
mainder is peanut-lectin positive and, therefore, recog­
nized as intercalated cells [22, 35]. The present finding 
that AVP and dDAVP increase [Ca2+]j in at least 80% of 
the individually analysed cultured cells provides func­
tional evidence for the presence of vasopressin receptors 
on the vast majority of the calbindin-D28k-containing 
cells. This cell culture, therefore, offers a unique system 
to investigate the relationship between AVP-modulated 
[Ca2+]i and transepithelial Ca2* transport.
In conclusion, the present study further substantiates 
the notion that in the cortical collecting system Ca2* re­
absorption is under both short-term stimulatory control 
of receptors, such as the V 2 and PTH receptor, coupled 
to adenylyl cyclase to stimulate the production of cAMP, 
and short-term inhibitory control of receptors, such as 
the P2u-purinoceptoi\ coupled to phospholipase C to 
stimulate the production of Ins( 1,4,5 and DAG, Al­
though evidence has been provided that the inhibitory 
action by ATP occurs through the intermediation of PKC 
[5, 23], it is at present unclear at which level the kinase 
exerts its inhibitory effect. On the other hand, the data 
presented in this study are in agreement with the concept 
that cAMP, and therefore PKA, acts primarily at the level 
of the apical Ca2* entry mechanism. The present finding 
that AVP activates multiple intracellular signalling path­
ways opens the possibility that the hormone can differen­
tially regulate the various transport processes occurring 
in this nephron segment.
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